INTRODUCTION AND BACKGROUND
In soil, acoustic emission (AE) is generated by inter-particle friction and hence the detection of AE is an indication of deformation. The dominant mechanisms for AE generation within soil are particle-particle interactions such as sliding and rolling friction, particle contact network rearrangement (e.g. release of contact stress and stress redistribution as interlock is overcome and regained) and degradation at particle asperities where contact stresses are very high (Lord & Koerner, 1974; Michlmayr et al., 2012a Michlmayr et al., , 2012b Michlmayr et al., , 2013 . Research contributions (Koerner et al., 1981; Mitchell & Romeril, 1984; Garga & Chichibu, 1990; Shiotani & Ohtsu, 1999; Michlmayr et al., 2013) in understanding the fundamental AE behaviour of soil have demonstrated that N deforming soil produces detectable AE N the characteristics of AE generated are governed by the properties of the soil (e.g. AE from fine-grained soils is highly influenced by moisture content and plasticity, and AE events with greater magnitude are produced in granular soil with large angular particles) N the magnitude of AE generated is directly related to the stress state of the soil (e.g. AE events with greater magnitude are generated by deforming soil with high inter-particle contact stresses).
Various authors have used AE monitoring to assess the stability of both natural and constructed slopes (e.g. Beard, 1961; Cadman & Goodman, 1967; Chichibu et al., 1989; Naemura et al., 1990; Nakajima et al., 1991; Rouse et al., 1991; Fujiwara et al., 1999; Dixon et al., 2003 Dixon et al., , 2014 . Finegrained soils generate relatively low energy AE signals and these attenuate significantly over short distances. In order to monitor AE generated by deforming slopes formed of finegrained soils, Dixon et al. (2003) devised the active waveguide. The active waveguide (shown in Fig. 1 ) is installed in a borehole that penetrates any shear surface or potential shear surface beneath the slope; it comprises a steel waveguide (to transport the AE signals generated at the shear surface to the ground surface with relatively low attenuation) and angular gravel backfill (to generate relatively high energy AE as the slope deforms, which can propagate along the waveguide). Field trials conducted by Dixon et al. (2003) proved that AE monitoring of active waveguides has the potential to detect pre-failure deformations earlier than conventional inclinometers, and that active waveguides continue to generate AE beyond deformation magnitudes sufficient to shear off inclinometer casings and render them unusable. Dixon & Spriggs (2007) demonstrated that an increase in the applied deformation rate to active waveguide models resulted in a proportional increase in the AE rates generated; AE rates are typically defined as the number of times the amplitude of the wave crosses a pre-defined voltage threshold per unit time (i.e. ring-down counts (RDC) as shown in Fig. 2 ). AE monitoring using active waveguides is most applicable to soil slopes that fail along a defined shear surface as the development of such a surface, or reactivation of an existing surface, will shear the waveguide granular backfill and generate high levels of detectable AE. Dixon et al. (2014) introduced a coefficient of proportionality, C p , as a function that defines the empirical relationship between AE rates generated from the active waveguide system in response to an applied velocity of slope movement AE rate !Velocity
where C p 5f (variables).
An increasing rate of deformation (i.e. in response to increasing slope velocity) within the active waveguide generates an increasing number of particle-particle/particlewaveguide interactions. Each of these interactions generates a transient AE event. These transient AE events combine and propagate along the waveguide where they are monitored by a sensor at the ground surface. Hence, AE rates produced and measured by the system are proportional to the velocity of slope movement. The coefficient of proportionality is a measure of the system's sensitivity (i.e. the magnitude of AE rates produced in response to an applied velocity) and is dependent on many variables related to the AE measurement system, such as N the sensor sensitivity, which is controlled by signal amplification and voltage threshold level N the depth to the shear surface, which influences the magnitude of AE signal attenuation as it is transmitted from the shear zone to the ground surface by the waveguide N active waveguide properties such as the tube geometry and backfill properties.
The magnitude of AE rate responses produced by each measurement system will depend on these factors, in addition to the rate of slope displacement. As the measured AE is generated by deformation of the active waveguide and not the host soil slope, a standard active waveguide design allows application of a generic AE rate-slope velocity relationship independent of the properties of the host soil slope. Dixon et al. (2014) report monitoring of a reactivated soil slope using active waveguides and demonstrate how the coefficient of proportionality, if the AE rate-velocity relationship is assumed to be linear, can be back-calculated from slide events. AE rates are the derivative of AE energy (i.e. cumulative RDC) with respect to time, and velocity is the derivative of displacement with respect to time. Therefore, using the shape of the AE rate-time profile, it was possible to determine a velocity-time profile for a slope movement event by equating the area under the AE ratetime curve to the magnitude of displacement measured by an adjacent inclinometer. The total event displacement was distributed proportionately to each trapezoidal integrand under the curve and the velocity over each trapezoid was determined using the displacement-time relation. Each point in time throughout the event subsequently had an AE rate and a corresponding velocity, and therefore a linear AE rate-velocity calibration could be determined. This allowed the velocity and cumulative displacement in subsequent slope deformation events to be quantified by applying the coefficient of proportionality to measured AE rates; an example is shown in Fig. 3 . This method was shown to generate errors significantly less than an order of magnitude and is therefore consistent with standard classification for landslide movements (e.g. Schuster & Krizek, 1978; Cruden & Varnes, 1996; Anderson & Holcombe, 2013: p. 92) .
This paper presents a comparison of continuous AE measurements, detected from an active waveguide installed at the same reactivated landslide as reported in Dixon et al. (2014) , with continuous subsurface deformation measurements provided by an adjacent ShapeAccelArray (SAA). The SAA comprises a string of MEMS (micro-electromechanical systems) sensors installed at regular intervals along the depth of a borehole; each sensor can monitor three-dimensional displacements accurately, continuously and with high temporal resolution. This is the first study that has allowed comparison of continuous AE and continuous deformation measurements (previous studies have made comparisons using manually read inclinometers at intervals and therefore with low temporal resolution). The Slope ALARMS AE measurement system (Dixon & Spriggs, 2011) employed in the study (Fig. 1) was the same as that used by Dixon et al. (2014) . A 30 kHz resonant frequency transducer was coupled to the waveguide at the ground surface to convert the AE into voltages; the electrical signal was subsequently processed (i.e. amplified and filtered to keep only signals with frequencies in the range 20-30 kHz as this removed low-frequency environmental noise) and RDC were recorded and time stamped for pre-determined time intervals (30 min intervals were used in this study), continuously and in real-time. slope is at its wettest. The consistent occurrence of reactivated slide events and its remote location in farmland (i.e. having no threat to infrastructure) make Hollin Hill an ideal site to trial new landslide monitoring techniques; the British Geological Survey has investigated and monitored landslides at Hollin Hill for several years (e.g. Chambers et al., 2008 Chambers et al., , 2011 Gunn et al., 2013; Merritt et al., 2013) . Two of the lobes of slumped material were instrumented with three clusters of active waveguides (as described by Dixon et al. (2014) ); the instrumentation cluster locations are shown in Fig. 4(a) . This paper reports measurements recorded by an active waveguide (AEWG3) and SAA (SAA3) installed at cluster 3 on the eastern lobe in Fig. 4(a) . A cross-section taken through the eastern lobe at instrumentation cluster 3 is shown in Fig. 4(b) .
THE HOLLIN HILL CASE STUDY
AEWG3 was installed in a 130 mm diameter borehole to 5?7 m below ground level. The waveguide comprised two 3 m lengths of 50 mm diameter 3 mm thick steel tubing connected with screw-threaded couplings. The annulus around the waveguide was backfilled with angular 5-10 mm gravel compacted in nominally 0?25 m high lifts. The top 0?3 m of the borehole was backfilled with a bentonite grout plug to seal against the ingress of surface water. The steel tube protruded 0?3 m above ground level, where the transducer was coupled, and was encased in a secure protective chamber (as shown in Fig. 1 ). SAA3 was installed 1 m west of AEWG3 to a depth of 2?5 m.
Comparison of continuous AE and continuous deformation measurements
A series of reactivated slope movements (i.e. smallmagnitude displacements with low velocities as the shear surface is already at or near residual strength (Hutchinson, 1988; Leroueil, 2001) ) occurred in response to periods of rainfall that produced transient elevations in pore-water pressure along the shallow shear surface in January 2014. Figure 5 shows the resultant horizontal displacement and velocity time series measured from 0?3 m depth in SAA3 (day 0 was 9 January 2014). Each of the slide events was In Fig. 5 the SAA-measured velocity-time data are superimposed with a smoother curve of ten-hour moving average (THMA) values; the THMA values were determined through calculation of the average of the velocity over the 5 h preceding and 5 h succeeding each measurement. THMA values were used for smoothing in order to reduce variability in the raw SAA data (60 min measurement intervals). The variability in the SAA measurements was of a similar magnitude as the slope movement velocities (i.e. ,0?5 mm/h); such variability would be less significant at greater velocities and therefore the need for smoothing would be reduced. Figure 6 shows the cumulative RDC-time relationship recorded by the sensor coupled to AEWG3; the relationship is analogous to the cumulative displacement-time trend recorded by SAA3. Figure 8 shows the AE rate time series, also superimposed using a smoothed curve of THMA values (the sporadic nature of the raw data is due to slip-stick deformations taking place within the gravel backfill), which is analogous to the velocity-time profiles shown in Fig. 5 . These comparisons confirm that N AE rates generated by the system are directly proportional to the rate of deformation (i.e. slope velocity) N AE monitoring of active waveguides using a sensor such as Slope ALARMS can provide continuous information on slope displacements and displacement rates N the AE monitoring technique is sensitive to small displacements, displacement rates (i.e. ,1 mm/h) and changes in displacement rates (i.e. accelerations and decelerations). To define a measured relationship between AE rate and slope velocity from the continuous time series measurements, the THMA values of AE rates and measured slope velocity (i.e. Figs 5 and 8) were plotted (Fig. 9) . Figure 9 shows, for the first time, an AE rate-velocity relationship derived from continuous time series measurements. A back-calculated relationship was subsequently determined using the method described by Dixon et al. (2014) and summarised in the introduction to this paper; this backcalculated linear relationship passes directly through the measured data points, as can be seen in Fig. 9 . A linear regression line was calculated through all of the measured data points and, assuming it passed through the origin, it aligned almost exactly with the back-calculated relationship shown; the equation for the trend line is given in Fig. 9 , which produced an R 2 value of 0?8. From the calibration in Fig. 9 it is now possible to derive slope displacement rates from measured AE rates generated from the system in response to subsequent slide events. Use of the back-calculation method to derive AE rate-velocity calibration relationships has therefore been shown to be an Fig. 9 . Measured (THMA values taken from AEWG3 and SAA3 during slide events) and back-calculated AE rate-velocity relationships appropriate technique for quantifying low-velocity (i.e. of the order of millimetres per hour or less) slope movements.
These field measurements have allowed the first comparison of continuous time series AE and slope displacement measurements to be made with relatively high temporal resolution. The study has established that the AE monitoring approach can be used to provide continuous information on slope displacements and displacement rates. It is anticipated that Slope ALARMS could provide this level of information at lower cost than other more commonly used real-time monitoring systems.
ADDITIONAL CONSIDERATIONS AND ONGOING RESEARCH
Laboratory experiments and field trials are ongoing in order to quantify the influence of variables (e.g. depth to shear surface and sensor sensitivity) on the coefficient of proportionality that defines the empirical AE rate-velocity relationship. Determination of a generic expression for the coefficient of proportionality will allow the Slope ALARMS monitoring approach to be utilised as a standalone technique without the need for use in combination with adjacent inclinometer/SAA systems for site-specific calibration. Additionally, the AE rate response from the system to first-time rupture landslide failure (as opposed to reactivation slide events, which have modest speed and travel), where the velocity progresses over several orders of magnitude, is also being investigated through laboratory experimentation and field trials.
SUMMARY
The paper summarises the use of active waveguides as subsurface instrumentation to monitor AE generated in response to slope movements and to assess the stability of soil slopes. The paper presented the first comparison of continuous AE (detected from an active waveguide) and continuous subsurface deformation measurements recorded using a ShapeAccelArray (SAA). The data were acquired from a field trial at a reactivated soil slope in North Yorkshire, UK. The results prove that AE rates generated are directly proportional to the velocity of slope movement. They also demonstrate the performance of AE monitoring of active waveguides to provide continuous information on slope displacements and displacement rates with high temporal resolution. Laboratory experiments and field trials are ongoing to establish N a generic expression for the coefficient of proportionality, which defines the empirical AE rate-velocity relationship N the AE rate response to first-time rupture failure, where the velocity of slope movement varies over several orders of magnitude.
